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Wemapped the 50 UTR for ﬁve long hypothetical orfs from Trypanosoma cruzi; each one having a length of
more than 10,000 bp. Our aim was to verify the constraints to the length of the 50 UTR and to identify the
sites of alternative trans-splicing in the epimastigote stage of three T. cruzi strains. We used reverse tran-
scription PCR to amplify the 50 UTR and demonstrated the transcription of all selected genes as well as
additional trans-splicing sites in two of these genes. We observed that the length of the 50 UTR in these
genes has a limit, in contrast to previous reports that indicated a trend for longer genes to display a
proportionally long 50 UTR. The maximum length of the 50 UTR for the long genes analyzed in the present
work is approximately 3% of the orf and, on average, is 1% of the orf length. The poly-pyrimidine tracts
used as trans-splicing signal are in the range of 17–53 bases within a distance of 6–59 nt to ﬁrst
spliced-leader acceptor site. T. cruzi populations may use both signals differentially. We conclude that
the limit for the 50 UTR length in long genes is determined primarily by the distance to neighboring genes.
 2011 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
The Trypanosoma cruzi CL Brener genome shows approximately
22,000 genes, 50% of which have no similarity to any previously
characterized genes (Clayton, 2010). Moreover, the sequences
ﬂanking the protein coding segments may also harbor other codes
that require computational and experimental approaches to be
rendered into valuable information (Brandão, 2008). The untrans-
lated regions (UTRs), which are nucleotide sequences containing
segments of DNA that are transcribed into mRNA but not trans-
lated into protein, are of particularly signiﬁcant interest.
The UTRs ﬂank the open reading frame (orf) at the 50 and 30 ends
(50 UTR and 30 UTR). In trypanosomatids, these segments convey
precise information about the transcriptional landmark of the
genes, and point out the beginning and the end of the full transcript.
Analysis of UTRs from T. cruzi and other trypanosomatids have been
reported for genes with orf lengths no longer than 5000 base pairs
(bp) (Benz et al., 2005; Campos et al., 2008; Brandão and Jiang,
2009). The UTR lengths vary in accordance with the extent of the
gene. In general, the 50 UTR is approximately 2–3 times shorter than
the 30 UTR in most of the T. cruzi genes. An analysis of ca. 400 genes
demonstrated that the 50 UTR in T. cruzi is limited to a maximum
length of 20% of the ﬁnal transcript (Brandão and Jiang, 2009).
The phenomenon of trans-splicing, which takes place during the
mRNA processing in trypanosomatids (Sutton and Boothroyd,evier OA license. 1986), is dependent on the length and nucleotide composition of
the tract of poly-pyrimidine, as well as the distance of this tract
to the acceptor site of the spliced-leader (SL) and poly-A site addi-
tion. The presence of trans-splicing sites deﬁnitely contributes to
better characterization of the UTR (Benz et al., 2005; Campos
et al., 2008) but, so far, data for this phenomenon for genes with
more than 10,000 bp have not been reported. Analysis of length
ratios between the orf and each UTR, as well as the 50 UTR:30
UTR ratio, indicate that the 30 UTR, being longer than the 50 UTR,
possesses more sequence elements and activities during mRNA
processing and translation in trypanosomatids. In addition to these
structural questions, a challenge remains at the population level in
T. cruzi research, e.g., the understanding of the diversity of its
strains and isolates.
Recently, Pena et al. (2009) advanced a three ancestral genomes
hypothesis to describe the descent of the extant strains and simul-
taneously proposed the existence of only three lineages for T. cruzi
populations – T. cruzi I, T. cruzi II and T. cruzi III. This proposition
leaves open the question of what role the UTRs, especially the 50
UTRs, might play in this scenario, considering that they evolve at
a ratio higher than the corresponding orfs. In the present work,
we address this question based on a previous observation (Brandão
and Jiang, 2009): the length of a 50 UTR displayed in T. cruzi genes
does not exceed 20% of the respective transcript and, on average, it
represents 10–15% of the orf length. This observation, however,
was gathered considering orfs no longer than 10,000 bp. Here, we
asked whether the 50 UTR length is limited by such a huge orf for
a protozoan that has a transcriptional process that resembles that
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introns, and no recognizable promoter for genes other than those
for ribosomal and tRNA (Martínez-Calvillo et al., 2010). We also
analyze the variations in trans-splicing sites of the long hypothet-
ical orf in T. cruzi epimastigotes and examine how the length of the
50 UTR in these genes varies in three typical strains of T. cruzi.
2. Materials and methods
2.1. Genes and oligonucleotides
Five of the longest hypothetical orfs were selected from the T.
cruzi genome database (GenBank-NCBI and GeneDB). We ampliﬁed
the 50 UTR using an oligonucleotide which anneals to a segment
between positions 10 and 31 of the mini-exon spliced leader as a
forward primer and another one annealing to a segment in the ﬁrst
50 bases of each orf as reverse primer (Table 1).
2.2. Isolates and RNA extraction
The following T. cruzi strains were used in this work: CL Brener
(Tc II), Dm28c (Tc I), and INPA4167 (Tc ZIII). Epimastigotes were
grown in brain heart infusion (BHI) medium containing 10% of fetal
bovine serum (Gibco) and were incubated at 28 C. Total RNA was
puriﬁed from epimastigotes (2  108 cells/mL), at the exponential
growth phase, using TRIzol (Invitrogen) according to the manu-
facturer’s instructions. The integrity of RNA in aqueous solution
was checked after mixing an aliquot in 50% formamide and loading
it onto 1% non-denaturing agarose gel for electrophoresis, followed
by ethidium bromide staining and UV visualization (Sambrook
et al., 1989).
2.3. Reverse transcription – PCR
For ﬁrst strand cDNA synthesis, the reverse transcription reac-
tion contained 5 lg of total RNA from each strain, 0.3 lg random
primers (Invitrogen), 1 First Strand Buffer, 10 mM DTT, 0.5 mM
dNTP, and 200 U M-MLV reverse transcriptase (Invitrogen), in a ﬁ-
nal volume of 20 lL. The mixture was incubated at 37 C for 1 h.
The fragments were ampliﬁed by polymerase chain reaction
(PCR) using ﬁrst strand cDNA (2 lL) as a template, 100 pmol of
each primer, 0.2 mM dNTP, 2 mM MgCl2, and 1 U Taq polymerase
(Invitrogen) on a PCT-100 Mastercycle (MJ Research – INC).
Thirty-ﬁve ampliﬁcation cycles were carried out at 96 C for 10 s,
55 C for 30 s, 72 C for 30 s and 72 C for 10 min. The ampliﬁcation
products were submitted to 2% agarose gel electrophoresis, stained
with ethidium bromide, and visualized under UV light.
2.4. Cloning and sequence analysis
After ampliﬁcation and gel electrophoresis, the products were
cloned into pGEM-T Easy Vector Systems (Promega). Plasmids
were transformed in Escherichia coli by standard procedures (Sam-Table 1
Oligonucleotides used in the reverse transcription - PCR to amplify the 50 UTR of the
long hypothetical orf from Trypanosoma cruzi. The primer based on the spliced-leader
was used as the forward primer.
Gene Primer
Tc00.1047053511311.70 50 GGCGAGCAGAGGCTTGATGG 30
Tc00.1047053509733.90 50 CACGCAGTTGCTCCTCATTG 30
Tc00.1047053507099.40 50 TGAAGTTGACTCTGAGAGCC 30
Tc00.1047053506401.350 50 ATGTGCGATAACCCTTTCAA 30
Tc00.1047053510603.130 50 TGTGCGTGTACAGCATCGTA 30
Mini-exon (spliced-leader) 50 CGCTATTATTAGAACAGTTTCT 30brook et al., 1989). Five to ten clones of each strain were grown in
1.5 mL of LB/Amp medium, and plasmids were extracted by the
Wizard Miniprep DNA Puriﬁcation System (Promega). An aliquot
(ca. 100 ng of plasmid) of this solution was used for cycle sequenc-
ing with a BigDye Terminator kit (Applied Biosystems) and reac-
tions were electrophoresed in an ABI3730 DNA sequencer. The
sequences were edited to remove vector segments, aligned using
ClustalX software with default parameters (Thompson et al.,
1997), and subsequently inspected and further edited in the se-
quence alignment editor of MEGA v.4 (Kumar et al., 2008). All of
the edited sequences started at the ﬁrst nucleotide after the
spliced-leader and ﬁnished at the initiation codon (ATG) of each
orf. The 50 UTR sequences from strains Dm28c, INPA4167, and CL
Brener are available in GenBank under Accessions N. HQ821489
to HQ821499.3. Results and discussion
We used both the 50 upstream sequences and the coding seg-
ment from ﬁve of the longest hypothetical orf in the T. cruzi gen-
ome database (GenBank-NCBI and GeneDB) as a query to search
for homologous ESTs in dbEST- GenBank (Table 2). As of December
13, 2010, there were 14,426 ESTs from T. cruzi in dbEST, including
the three developmental stages: amastigote (vertebrate intracellu-
lar stage), epimastigote (the insect stage), and trypomastigote
(bloodstream stage). EST libraries are biased to highly expressed
genes and, due to the low number of EST matches returned by
the BLAST search using the long orf as query sequence, we may in-
fer that these long genes are not frequently transcribed by T. cruzi
developmental stages.
The RT-PCR assays demonstrated that these ﬁve hypothetical
orfs are transcribed by the epimastigote stage of the T. cruzi strains
used here. We can now grant to these genes the status of ‘‘un-
known function genes’’ and they should no longer be considered
hypothetical. Some genes yield more than one ampliﬁed fragment,
pointing out the existence of additional trans-splicing sites. Table 3
summarizes the results with respect to the length of each 50 UTR
and its relationship to orf length. Unexpectedly, these hypothetical
long orfs in the epimastigote stage are transcribed into an mRNA
with a short 50 UTR (in comparison to the respective long length
orf). Previous analysis of the relationship between the length of
the 50 UTR and the respective orf in T. cruzi suggested that increases
in the orf length are associated with a proportional increment in
the 50 UTR length. Thus, we would expected these long orfs to
display 50 UTRs with lengths far from the median length observed
in T. cruzi 50 UTR in general; i.e., >400 nt or >2.5% of the orf length
(Brandão and Jiang, 2009). Notwithstanding, the longest 50 UTR
analyzed here possesses 381 nt, which is a length below the ex-
pected ﬁgures.
Three genes also exhibited 50 UTR lengths that were too short
for a long orf: 17, 61, and 67 nt. These lengths are similar to, or
even lower than, the length of the 50 UTR of ribosomal proteins,
whose genes code for short transcripts ranging from 250 to 1000
nt. The genome organization of these long hypothetical orfs (avail-
able at NCBI Genomes) might partially explain the unexpectedly
short length 50 UTR. In Table 3, the last column on the right lists
the length of the upstream segment from the hypothetical orf to
the next orf (the inter-orf segment) according to current T. cruzi
genome annotation. If this annotation is correct, the limit for 50
UTR length of this long gene is mostly determined by the length
of intergenic segment, which separates the hypothetical orf from
the next predicted one and delimits a length that would restrict
the generation of a long 50 UTR. The next 50 upstream orf also uses
a part of this inter-orf segment to generate its 30 UTR. Apart from
the gene Tc00.1047053511311.70, the length of the intergenic
Table 2
BLAST search using as query sequence both a 1000 nt segment upstream of start codon and the open reading frame (orf) of each hypothetical orf from Trypanosoma cruzi.
Gene symbol orf length Matches to T. cruzi EST in dbEST-GenBank
orf 50 upstream sequence
Tc00.1047053511311.70 13,794 No match No match
Tc00.1047053509733.90 13,644 No match CF888535 (amastigote)a
Tc00.1047053507099.40 13,272 AI080823, AI562345 (epimastigote); GW883763 (trypomastigote) CF889318 (trypomastigote)
Tc00.1047053506401.350b 12,633 AW330143 (epimastigote) No match
Tc00.1047053510603.130c 12,072 No match No match
a This EST maps onto orf and 30 UTR of the gene next to Tc00.1047053509733.90.
b This gene possesses another copy: Tc00.1047053508545.9. The 50 upstream sequence displays some nucleotide substitutions.
c This gene exhibits two other copies, described by gene symbols Tc00.1047053509109.80 and Tc00.1047053506743.60; they differ extensively at the 50 upstream
sequence.
Table 3
50 UTR length detected by RT-PCR from T. cruzi long hypothetical orf transcribed by the epimastigote stage of three strains.
Gene symbol 50utr CL Brener 50utr Dm28c 50utr INPA4167 50utr/orfa (%) orf length Inter-orf segmentb
Tc00.1047053511311.70 185 178 nd 1.34 13,794 1623
Tc00.1047053509733.90 67 61 64 0.49 13,644 731
Tc00.1047053507099.40 61; 381 361 nd 0.46; 2.87 13,272 983
Tc00.1047053506401.350 17; 52 16 52 0.13; 0.41 12,633 163
Tc00.1047053510603.130 204 204 207 1.69 12,075 874
a orf length is based on the CL Brener strain.
b Length of segment between the start codon of long hypothetical orf and the terminator codon of the nearest orf.
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also suggest that in addition to genome organization, the 50 UTR
length in long orfs is also constrained by factors related to the cou-
pling of polyadenylation and the trans-splicing mechanism (LeBo-
witz et al., 1993; Campos et al., 2008).
We also inspected the 50 UTR of these hypothetical orfs for the
presence of upstream open reading frames (uorf). Only one 50 UTR
(from gene Tc00.1047053506401.350) presents an uorf, which
overlaps the main orf and codes for a hypothetical 10 amino
acid peptide. It is worth noting that this gene is the one showing
the shortest 50 UTR. For genes Tc00.1047053507099.40 and
Tc00.1047053506401.350, two spliced leader addition sites were
identiﬁed for the T. cruzi clone CL Brener. The use of additional
trans-splicing sites in T. cruzi genes appears to be a quite frequent
occurrence (Vazquez et al., 1994; Marañón et al., 1998; Nepomuc-
eno-Silva et al., 2001; Manning-Cela et al., 2002; Mayer and
Floeter-Winter, 2005; Jäger et al., 2007) and the immediate effect
is modiﬁcation of the length and composition of the 50 UTR. These
long genes might present peculiarities with respect to the nucleo-
tide composition of the signals involved in the trans-splicing of
mRNA. We analyzed these signal sequences with respect to length,
composition, and distance to the spliced leader addition site of the
poly-pyrimidine tract used as a trans-splicing signal (Table 4). The
maximum length observed for the poly-pyrimidine tract was 53 nt
and, among the pyrimidines, thymidine was the most abundant
nucleotide, accounting for 61–84% of the nucleotide composition.Table 4
Features of the trans-splicing signal for the long hypothetical orf f
Gene symbol Length poly-py tract
Tc00.1047053509733.90 46
Tc00.1047053507099.40 1st site 53
Tc00.1047053507099.40 2nd site 21
Tc00.1047053506401.350 1st site 20
Tc00.1047053506401.350 2nd site 15
Tc00.1047053511311.70 42
Tc00.1047053510603.130 35
py = pyrimidine.Themaximumdistance from the 30 end of the poly-pyrimidine tract
to the AG acceptor was 59 nt, and formost of the genes, the distance
was no more than 20 nt. The ﬁrst AG following the poly-pyrimidine
tract was used in the majority of cases. The two genes with addi-
tional trans-splicing sites, genesTc00.1047053507099.40 (50 UTR
of 61 and 381 nt) and Tc00.1047053506401.350 (50 UTR of 17 and
52 nt), showed differences between the composition of the ﬁrst
and second (the nearest to start codon) trans-splicing signals. How-
ever, in both genes, the second trans-splicing signal required a low-
er content of poly-pyrimidine. Taken together, these results
indicate that trans-splicing generally takes place in these ﬁve long
genes at the ﬁrst AG dinucleotide following a poly-pyrimidine tract
of 17–53 nt, within a distance of 6–59 nt to an AG acceptor.
The three strains used in this work are representatives of differ-
ent T. cruzi lineages (T. cruzi I, T. cruzi II and T. cruzi ZIII). Thus, the
observation that several nucleotide substitutions in the 50 UTR pro-
vide a peculiar signature for each of these strains is noteworthy. For
example, in 50 UTR sequences of the gene Tc00.1047053507099.40,
starting at position 89 up to 95 (taken as position 1 the ﬁrst base
after trans-splicing site), we note that a run of purines (GAAAA) is
present in CL Brener and absent in Dm28c. In the same sequence,
between positions 285 and 301, T. cruzi CL Brener has a block of
17 nucleotides that is absent in Dm28c. The length of the 50 UTR
in most of these genes also varies according to the strain. This var-
iation is due either to mutations near the trans-splicing sites or in
downstream sequences (inside the 50 UTR). Assuming the existencerom Trypanosoma cruzi.
Distance of poly-py
to SL acceptor site
Poly-py composition (%)
6 T(61) C(24) G(11) A(4)
59 T(66) C(23) G(9.4) A(1.9)
35 T(100)
0 T(60) C(25) A(10) G(5)
17 T(73) C(7) A(20) G(0)
7 T(65) C(31) A(2) G(2)
5 T(77) C(11) G(9) A(3)
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brate and invertebrate), the additional trans-splicing sites may be
viewed as a source of functional diversity for T. cruzi.
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